Low back pain affects around 50% of pregnant women and presents significant morbidity and persistence for years in 20% of postpartum women who report that pain. Numerous studies have documented gait alterations during pregnancy and postpartum. Therefore, an analysis of the relationship between certain gait parameters and low back pain was attempted using low-cost validated instrumented insoles. This work presents a longitudinal cohort study carried out during routine gynecological follow-up visits in the first, second, and third trimesters of pregnancy at an Obstetrics and Gynecology Service. Sample size was 62. Plantar pressure data were collected with specially designed instrumented insoles containing four force sensors to measure peak pressure, center of pressure, and stance phase time in each foot and in each pregnancy trimester. The analysis was carried out on a two-dimensional level, simultaneously considering the data from both feet using Hotelling's T 2 test. This longitudinal study detected relationships between certain gait parameter changes and low back pain during pregnancy. It revealed a cyclic tendency of low back pain prevalence with a maximum in the second trimester and a decrease in the third trimester, which was correlated with alterations of the pregnant gait: excessive foot pronation and rearfoot pressure increase.
Introduction
Pregnancy has profound physiological effects on a woman's body, affecting not only the cardiovascular, endocrine, and renal systems but also the musculoskeletal system, with altered gait and posture characteristics. These gait and posture changes could lead to compensatory mechanisms that may overload body segments and cause discomfort and pain [1, 2] . Indeed, low back pain (LBP) is commonly experienced during pregnancy, affecting approximately 50% of pregnant women [3] . It is associated with significant morbidity in pregnant and postpartum women, with persistent pain for several years in some patients [4] [5] [6] . The etiology of LBP is still unclear [7] ; it is considered to be the natural course of pregnancy and is expected to disappear spontaneously after delivery. Further, it is the result of quite a few factors, such as mechanical, hormonal, and other aspects [8] .
Previous research into the gait biomechanics of pregnant women referred to kinetic variables, such as ground reaction forces [2, 9] , kinematics [2, [10] [11] [12] [13] , spatiotemporal parameters [9, [14] [15] [16] [17] [18] [19] , and plantar pressure distribution [13, 17, [19] [20] [21] [22] [23] [24] [25] . More literature about LBP, posture, and gait changes during pregnancy has been assessed in some interesting reviews [26, 27] . Researching dynamic plantar pressure distribution, for instance, Nyska et al. found higher rearfoot pressures and contact times in last-trimester pregnant women compared to a nonpregnant group [20] . Similar results were observed in a longitudinal study throughout the pregnancy, with increased pressures in the rearfoot and reduced pressures in the forefoot in the last trimester [21] . Likewise, a significant increase in midfoot plantar pressure was also observed at 38 weeks of gestation compared to controls [28] . Nevertheless, although larger contact areas and longer times were confirmed, some authors observed reduced plantar load in the rearfoot with increased pressure in the midfoot and forefoot during pregnancy [14, 22] or even minimal force parameter changes [23] with some mediolateral deviations of the foot center of pressure (CoP) [17, 19] . Moreover, an altered mean pressure distribution and CoP trajectory was observed throughout the pregnancy compared with postpartum [13] .
There are few studies analyzing the correlation between posture or gait features and pregnancy-related pain (low back, pelvic, hip, lower limb, and foot pain). No significant correlation was observed between LBP and lumbar lordosis [1, 29] or lower limb pain and pronated foot posture [30] . A weak correlation was also found between foot pain and forefoot contact time but no correlation with plantar pressure [14] , whereas higher forces in the midfoot and a broader contact area were correlated to the presence and severity of foot pain [25] . Reported results can be used to understand the musculoskeletal dysfunctions of pregnant women to design exercises for the preventive and rehabilitative treatment of pain [31, 32] .
In-shoe systems can be used to record plantar-pressure distributions with a sensorized insole within a shoe. Commercial products include the F-scan measurement system (Tekscan Inc., South Boston, USA) and the Novel Pedar system (Novel USA Inc.), all of which capture dynamic in-shoe temporal and spatial pressure distributions that are used for multiple gait and analysis. However, in most cases, these systems are conceived for indoor or laboratory use. On the other hand, OpenGo Science (Moticon, Munich, Germany) is another commercial solution which is a wireless and flexible way to analyze the plantar pressure distribution, contact forces, and dynamics of the human foot. Several research groups have also developed their own sensorized insoles for multiple applications [33] . One of the first plantar measurement systems was designed by Zhu et al. [34] in 1990 with the goal of measuring the pressure distribution beneath the foot to distinguish pressure during walking and shuffling. This system contained seven force-sensitive resistors (FSR, Interlink, USA). Regarding more recent and wireless instrumented insoles, a wireless insole, based on custom capacitive technology, was used to monitor the timing and movement of the athletes' legs during throwing, jumping, and running in several sport disciplines [35] . Shu et al. [36] developed an in-shoe plantar pressure measurement and analysis system based on fabric pressure sensing array. The pressure sensors were fabricated using a conductive sensing fabric with conductive yarns and a top-and-bottom conversion layer. Moreover, a novel and very recent system was based on optical fiber sensors for plantar pressure measurements [37] .
Therefore, with the aim of a better understanding of the relationship of LBP and gait, a longitudinal study was carried out using our developed in-shoe system to analyze plantar pressure distributions and the stance phase time of a group of healthy pregnant women throughout their pregnancy in the first (T1), second (T2), and third (T3) trimesters. Our preliminary results with a smaller group and a different statistical analysis were already presented showing the relationship between the anteroposterior shifted center of pressure and the LBP in the third trimester [38] .
Materials and Methods
2.1. Participants. Seventy pregnant women who attended their first prenatal visit at the Unit of Obstetrics and Gynecology at the University Hospital San Cecilio of Granada (Granada, Spain) started this longitudinal study, and sixty-two (88.6%) finished it. The eight pregnant women (11.4%) who did not finish the study had complications or special care needs during pregnancy. Women with a medical record of back, foot, ankle, knee, musculoskeletal, or neuromuscular trauma or disease as well as women pregnant with twins were discarded as exclusion criteria. All participants received full information about the study and gave informed consent. This study was previously approved by the Clinical Research Ethics Committee of Granada, Government of Andalusia, Spain.
Instrumented Insoles.
A low-cost instrumented insole system designed by our research group was used (Figure 1 ) for the dynamic pressure measurements. Our system was previously validated as a pressure-measuring instrument [39] using a commercial system, F-Scan (Tekscan, South Boston, MA, USA) and as a time-measuring system of physical activity in comparison with two gold standards [40] . With the aim of simplicity, each insole comprised a flexible polymeric film supporting a total of four piezoresistive pressure sensors located at the heads of the first and fifth metatarsals, at the first toe, and at the heel. The FlexiForce A201 sensors were used (Tekscan, USA) which is a piezoresistive sensor connected with a planar flexible wire whose sensing area is a circle with a diameter of 9.53 mm registering pressures of up to 1500 kPa. Sensor reliability was tested by using them for around 100 km in our combined tests, without damage or appreciable aging in any of the eight sensors. Each sensor was individually calibrated in the range of interest (up to 400 kPa for the metatarsal pressure sensors and up to 1000 kPa for the heel and toe sensors) with a press, obtaining a nonlinearity and hysteresis total error of less than 5%. The pressure and conductance of the sensors were fitted to linear regression, and the coefficients were used to calculate the pressure.
An insole thickness of 1 mm allows them to be used in regular, unmodified shoes and therefore was not expected to influence the standard gait tests. Pressure data from each sensor were collected with a sampling frequency of 40 Hz. In addition, the information collected from the sensors was processed in a datalogger fastened at the waist. More technical details of the instrumented insole system can be read elsewhere [39, 40] . Journal of Sensors 2.3. Data Collection. Dynamic pressure data were collected during the routine prenatal visits of each participant in the first trimester (T1), second trimester (T2), and third trimester (T3) (around the 12th, 20th, and 32nd weeks of pregnancy, respectively). In the three visits, participants were asked to rate their perceived low back pain with a numeric rating scale (NRS) from 0 to 9 (where 0 represents no pain at all and 9 is the worst pain imaginable) [41] . Then, the subjects were binarily categorized: those who rated it 0 were categorized in the no-pain group and the rest in the pain group [25, 30, 42] . After that, participants were provided with the same model of sports shoes with the instrumented insoles included. Different sizes of shoes and insoles were available to accommodate each subject. Participants were instructed to walk freely to adapt to the shoes with the insoles and environment before gait assessment. The gait test was carried out walking at a preferred participant speed in a hospital corridor 10 meters in length (back and forth twice). The initial and final steps were discarded to reduce boundary condition influence (acceleration and deceleration steps) on the experiment, and a mean of 40 steps was used for statistical analysis.
Data Analysis.
The X − Y coordinate origins were at the left front corner of each foot, with the X-axis in the mediolateral direction and the Y-axis in the anteroposterior direction ( Figure 1 ). The CoP and the stance phase time of each foot can be evaluated with the instrumented insole. Therefore, we selected the following gait parameters:
(1) The time-integrated planar coordinates of the dynamic CoP of each foot, XCoP, and YCoP were calculated by implementing a time integration used by the commercial instrumented insoles F-Scan [43] :
where α refers to the left (L) or right (R) foot, X i and Y i are the cartesian coordinates which are invariable for each single sensor, and <P i > is the timeintegrated pressure on that sensor throughout the contact time. This feature is used to show how the plantar pressures are balanced during each stance phase over the entire foot (2) The peak pressure average on valid steps of the first toe and heel sensors to study the anteroposterior trend or forefoot/rearfoot peak pressure balance (3) The peak pressure average on valid steps of the 1st and 5th metatarsals to study the mediolateral pressure balance or supination/pronation trend (4) The stance phase time of every single foot
In Figure 2 , typical pressure data from the four sensors of one participant's foot are displayed as a function of time showing the four pressure peaks considered and how the stance phase time was calculated. Although not considered in this study, the swing (noncontact) phase is also shown in Figure 2 . These gait parameter differences between 3 Journal of Sensors consecutive visits were considered in this study and termed as shown in Table 1 .
In accordance with LBP categorization, a binary notation was used for the pain rating. Thus, no LBP was noted by "0" and LBP by "1". Consequently, the LBP transitions between visits were 00 (no LBP/no LPB), 01 (no LBP/LBP), 10 (LBP/no LBP), and 11 (LBP/LBP), where the first digit corresponds to the first trimester.
2.5. Statistical Study and Study Definition. First, an analysis of the normality variable was carried out using the Shapiro-Wilks statistic, as well as the detection of anomalous and/or influential data by means of the Grubb test. For each of the above-mentioned gait parameters, significant differences were found between the mean values of the parameters between two consecutive trimesters. The analysis was carried out at the two-dimensional level, simultaneously considering the data from both feet using Hotelling's T 2 test. When significant differences (p < 0 05) were found, the 95% Bonferroni simultaneous intervals for the mean differences were calculated between consecutive visits.
In each case, and following this methodology, the analysis followed three successive phases:
Study A: Differences in plantar pressure and stance phase time between consecutive trimesters Study B: The analysis in study A was categorized according to the presence of pain in the last of the follow-up visits Study C: Differences were also studied considering the pain transitions between consecutive followup visits
Results
Anthropometric parameters of participants throughout the pregnancy are shown in Table 2 .
3.1. Perceived Pain Categorization. Binary pain-rating data are displayed in Table 3 for each follow-up visit.
The number of participants involved in the different transitions between presence (1) or absence of LBP (0) between T1 and T2 is shown in Table 4 . Table 5 shows the same information from T2 to T3.
From Tables 3-5 , a notable increase in the perceived pain from T1 to T2 was mentioned and was then partially reversed in T3. Therefore, there were a significant number of subjects who changed from no pain to pain (01) in T2 (18) , while the number of subjects who kept perceiving no pain remained almost stable (00: 20-18) in the last two trimesters. Consequently, there were very few participants in the pain transitions 10 (T2) and 01 (T3), and therefore, the analysis of these cases may have scant significance. Table 6 includes the 95% confidence intervals for the statistically significant differences between consecutive follow-up visits, with XCoP and YCoP given in cm; PFT, PHL, PM1, and PM5 in kPa; and SPT in milliseconds. Graphic representations of parameter trends are also shown in Table 6 , where triangles and inverted triangles indicate an increase and decrease in peak pressures between visits, respectively, and arrows point out the shifted CoP direction. A PHL increase and SPT decrease in both feet, with a PM1 and PM5 increase in the left foot, and a medially shifted CoP in the right foot, were observed in T2_1. In T3_2, the CoP becomes anteriorly shifted (right foot), the PHL is reduced in the left foot, and PM1 increases in both feet together with a PM5 increase only in the right foot.
Study A: Gait Parameter Changes throughout Pregnancy.

Study B: Gait Parameter Changes Categorized by
Perceived LBP throughout the Pregnancy. The previous results were categorized by perceived pain in the last trimester in each case (Table 7 ). In the case of no LBP (0), we PHL is the peak pressure at the heel sensor, PM1 and PM5 are the peak pressures at the first and fifth metatarsal heads, and PFT is the peak pressure at the first toe. Stance phase time was calculated by measuring the time from when the heel strikes until the toe-off. Journal of Sensors observed an antero-shifted CoP and PM1 increase in the left foot together with SPT reduction in both feet in T2 with respect to T1. From T2 to T3, a laterally shifted CoP and PHL decrease was also measured in the left foot although no significant change was observed in SPT. In the case of LBP (1), PHL increases and an anteriorly shifted CoP were observed in the right foot, together with a PM1 increase in the right foot from T1 to T2. Studying T3_2 with LBP, we observed an anteriorly shifted CoP and PM1 and PHL increases in the left foot and a PM5 increase in the right foot.
Study C: Gait Parameter Changes Categorized by
Perceived LBP Transitions between Consecutive Trimesters. Table 8 presents the categorization of Table 7 data by the aforementioned LBP transitions between consecutive trimesters. Two of the eight LBP transitions did not show any significant correlations (T2_1 10 and T3_2 01), coinciding with transitions involving very few participants. For the rest of the cases, from T1 to T2, a shifted CoP to the forefoot in both feet was correlated with no LBP in T2. A medially shifted CoP in both feet (LBP transition: 01) or in the right foot (LBP transition: 11), along with a PHL increase in both feet or the right foot, was correlated with LBP in T2. From T2 to T3, an anterior and laterally shifted CoP with a PHL decrease was observed in the left foot in patients with no LBP in both the last trimesters (LBP transition: 00). In transition 11, no lateral shift of the CoP and a PM1 increase were observed in comparison with the previous case. A forefoot-shifted CoP was observed for participants who changed their LBP perception from pain in T2 to no pain in T3 (LBP transition: 10).
Discussion and Conclusions
This longitudinal study is aimed at assessing the relation between dynamic plantar pressure and stance phase time changes and LBP evolution throughout pregnancy. Our results show high LBP prevalence in T1, as observed in a prior study [4] , with a notable increase in perceived pain in the second trimester (62.9%), similar to previous reports [44, 45] , with a slight decrease in T3 (54.8%) in agreement with data from the untreated group of the George et al. report [46] . This is also in agreement with the review by Wu et al. with prevalence peaks between 24 and 36 weeks [6] . At any rate, pain prevalence from this study coincides with previous findings in the literature, where the average prevalence published was 45.3%, with large variations (range 3.9-89.9%) [6, 27] . From Tables 6, 7 , and 8, a medially shifted CoP or pronating tendency was observed, as in most static and dynamic published studies [20, 23, 30, [47] [48] [49] [50] [51] [52] . In a recent report, pronation was also observed without correlation with pain in the lower limbs [30] . Our data show that pronation was more pronounced in the right foot and mostly correlated with perceived LBP. Indeed, a symmetric pronated trend in both feet was correlated with new perceived LBP in T2 (01 in Table 8 ). Pronation of the foot results in internal rotation of the tibia caused by the increased calcaneal eversion angle, which can lead to discomfort and back pain in some pregnant women [52, 53] . On the other hand, a shift of the CoP towards the forefoot (YCoP < 0) was also observed in the last two trimesters, but only related to the painless condition with an absence of peak pressure increases (transitions 00 in T2_1 and T3_2). This CoP shift towards the forefoot has been previously reported [26] .
Moreover, lateralization in the left foot CoP in T3 (XCoP > 0) is always correlated with no LBP, 0, in study B (Table 7) , and the continued no-pain condition, 00, in study C (Table 8 ), in agreement with previous studies [13, 17, 20, 24] . This laterally shifted CoP has been attributed to better dispersing increasing body weight. In this regard, some studies that did not observe a shifted CoP suggested the use of extra muscle work to explain an unchanged gait pattern in pregnant women [2, 23] . This overuse of the musculoskeletal system may lead to disorders of several body segments such as LBP [2] , among others [54] .
Except for the first toe (with no significant correlation observed), peak pressure results confirmed the time- Table 1 . Red triangles and blue inverted triangles show pressure increases and decreases, respectively. Arrows show CoP shifts. 6 Journal of Sensors Initials are defined in Table 1 . Red triangles and blue inverted triangles show pressure increases and decreases, respectively. Arrows show CoP shifts. 7 Journal of Sensors integrated CoP tendencies noted. An increase in the first metatarsal pressure (PM1 > 0) can be linked to a pronation tendency throughout pregnancy, which is believed to be a shock-absorption strategy for gaining stability and safety during foot landing [55] . Moreover, a reversible peak pressure trend was observed at the heel, first with a pressure increase in T2 followed by a decrease in T3. Thus, a redistribution of the plantar pressures was noted to the forefoot mainly in T3. This result is in disagreement with some previous reports [20, 21] , but is in agreement with other studies [13, 14, 22, 23] . Pressure increases can obviously be attributed to weight gain and changes in center of gravity/mass, whereas a possible explanation for the pressure redistribution and change of trend at the heel may be related to morphological changes in the foot: increase in foot width and drop in the longitudinal arch height, adopting a pronated posture [23, 30, 48, 52] . On the other hand, if the LPB factor is included (Tables 7 and 8 ), a clear correlation between pain occurrence [1] , new pain perception (01), and continued pain (11) , with high increases in PHL alone or together with PM1 (forefoot pronation trend), were observed in T2.
Our SPT results show a significant decrease in this temporal feature between T1 and T2 and remains unchanged between T2 and T3 [16] , but without a significant correlation with LBP in any study. This decrease in stance phase time might be due to the reduction in step length detected in some kinematics studies as pregnancy progresses [2, 15] . Indeed, a significant slight decrease of the single-support time was measured in women between T3 and one year postpartum [2] . On the other hand, comparable longitudinal studies observed no change in this parameter between the two first trimesters [17, 21] . However, a redistribution of the stance phase time with an increase in the contact times and pressures in the midfoot and forefoot between the two first trimesters was also reported that may be explained as an adaptive modification of the foot rollover process [17, 22] . This foot rollover modification was consistent with our results of a shifted CoP towards the forefoot and increased forefoot loads in T2.
Our results show a clear, repeated asymmetric trend between the right and left feet that made it difficult to analyze them jointly. This may explain previous apparently contradictory results from plantar pressure studies during pregnancy. However, in this work, a significant correlation was observed between LBP occurrence and rise with a pronation tendency in both feet around T2 without a shifted CoP towards the forefoot. As key evidence from this study, according to the LBP rating data, certain anatomical mechanisms for compensation and redistribution mainly take place between T2 and T3 (and are also reported in the literature), allowing pregnant women to adapt their gait to their changing condition with less perceived LBP such as a lateral and anteriorly shifted CoP with a redistributed forefoot plantar load. To detect and correct these gait changes associated with low back pain by physical or instrument means could lead to a reduction in its incidence and/or morbidity during pregnancy.
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